Objective: To determine the predictors of the extent of carotid atherosclerosis in patients treated with radiotherapy (RT) for nasopharyngeal carcinoma (NPC). Methods: The present study investigated 129 post-RT NPC patients. Carotid atherosclerotic parameters, such as carotid intima-media thickness, carotid arterial stiffness and carotid plaque burden (plaque score, the presence of plaque and $50% stenosis) were assessed using ultrasonography. The association between carotid atherosclerotic parameters and nine potential predictors, including age, gender, post-RT duration, radiation dose, chemotherapy, diabetes mellitus, hypertension, hypercholesterolemia, and smoking, were determined using multiple regression. The cutoff values of age, post-RT duration and number of cardiovascular risk factors for the presence of carotid plaque or $50% carotid stenosis were analyzed using receiver operating characteristic (ROC) curve analysis. Multiple testing was corrected using Benjamini-Hochberg false discovery rate. Results: Age, post-RT duration and number of cardiovascular risk factors were significantly associated with carotid plaque burden (corrected P value, P cor ,0.05). Age of 44.5 years (sensitivity599.2% and specificity550%, P cor ,0.01) and post-RT duration of 8.5 years (sensitivity575.7% and specificity564.3%, P cor ,0.001) were the cutoff values for detecting carotid plaque, while post-RT duration of 13.5 years (sensitivity566.7% and specificity571.6%, P cor ,0.001) and 1.5 cardiovascular risk factors (sensitivity540.7% and specificity584.3%, P cor ,0.05) were the cutoff values for screening $50% carotid stenosis. Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. All relevant data are in the paper.
Introduction
Nasopharyngeal carcinoma (NPC) is common head and neck cancer in Southern China and Southeast Asia [1] . Since NPC is highly sensitive to radiation, and cervical lymph node metastasis is common in NPC patients (60-90%) [2] , neck radiotherapy (RT) is a routine for treating or preventing the nodal metastasis in NPC patients. However, the ionizing radiation from RT damages the carotid artery and may lead to the development of carotid atherosclerosis.
It has been shown that post-RT NPC patients tend to have thicker carotid intima-media, higher prevalence of carotid plaque and/or greater degree of carotid stenosis [3] [4] [5] [6] , which result in higher incidence of cerebrovascular events [6] . Although evidences have demonstrated the high severity of radiation-induced carotid atherosclerosis, assessment of carotid atherosclerosis is not yet a routine practice in follow-up of patients treated with RT for NPC. Early diagnosis and prompt treatment of carotid atherosclerosis are important for preventing cerebrovascular events. Thus, it is necessary to identify the post-RT NPC patients who have high risk of carotid atherosclerosis so that early diagnosis can be made and prompt treatment can be given to the patients.
Although different predictors of carotid intima-media thickness (CIMT) and carotid stenosis in patients treated with neck RT have been reported in previous studies [7, 8] , no previous studies have investigated the cumulative effect of conventional cardiovascular risk factors, such as diabetes mellitus, hypertension, hyperlipidemia and smoking, on radiation-induced carotid atherosclerosis in post-RT NPC patients. In addition, significant carotid stenosis ($50% stenosis) is an important indicator of carotid atherosclerosis and is useful for predicting cerebrovascular events [9, 10] . However, the risk factors that help to predict $50% carotid stenosis in post-RT NPC patients are still unknown. Thus, the cumulative effect of cardiovascular risk factors on carotid atherosclerosis and the predictors of $50% carotid stenosis in post-RT NPC patients needs to be investigated.
The present study aimed to identify the predictors that were useful to predict the occurrence and severity of carotid atherosclerosis in post-RT NPC patients. The findings will help identifying patients who have high risk of carotid atherosclerosis after RT, and this facilitates early diagnosis and prompt treatment of carotid atherosclerosis in post-RT NPC patients.
Methods

Subjects
Post-RT NPC patients were recruited from the Department of Clinical Oncology of Queen Mary Hospital. The patients were invited to join the present study when they had the routine follow-up for NPC in the hospital. For subject recruitiment, the inclusion criteria were Chinese NPC patients older than 18 years and having completed RT for at least four years, while the exclusion criteria were more than one course of RT, history of carotid atherosclerosis prior to RT, previous carotid endarterectomy and carotid stenting.
This study was approved by the Human Subject Ethics Subcommittee of the Hong Kong Polytechnic University and the Institutional Review Board of the University of Hong Kong/Hospital Authority Hong Kong West Cluster. Written consent was obtained from all participated patients before the commencement of the interview and ultrasound examination.
Clinical information
The information of age, gender, post-RT duration, radiation dose, chemotherapy, and history of carotid atherosclerosis and cardiovascular risk factors was obtained from archived clinical records. Individual face-to-face interviews in the patients were also conducted. The presence of cardiovascular risk factors was identified as follows: 1) DM, diagnosed with DM in the clinical record, taking medications to lower the glycemic level and/or fasting plasma (blood) glucose $7.0 (6.1) mmol/L [11] ; 2) hypertension, diagnosed with hypertension in the clinical record, undergoing anti-hypertensive medications and/or the measured blood pressure $140/90 mmHg [12] ; 3) hypercholesterolemia, diagnosed with hypercholesterolemia in the clinical record, undergoing medications to lower the cholesterol level and/or fasting total cholesterol $5.2 mmol/L [13] ; 4) smoking, current smoker consuming 10 cigarettes per day for at least six months [8] .
Ultrasound examinations
The brachial blood pressure was measured using a sphygmomanometer (Tensoval; Hartmann, Germany). All ultrasound examinations were performed with the Esaote MyLab Twice ultrasound unit in conjunction with a 4-13 MHz linear transducer (Esaote, Genoa, Italy). The blood pressure measurements and ultrasound examinations were conducted in a 22˚C air-conditioned examination room. For each subject, the brachial blood pressure was measured with the sphygmomanometer at the left upper arm in a sitting posture after rest for at least 10 minutes. The measured systolic and diastolic pressures were then inputted into the ultrasound unit for the evaluation of CAS. Subjects were then asked to lie supine on the examination couch with the neck slightly extended and the head turned away from the side under examination. Both the left and right carotid arteries of the subject were assessed.
The automated quantification programmes of the ultrasound unit, RF-QIMT and RF-QAS, were used for evaluating CIMT and CAS respectively (Fig. 1 ). CIMT and CAS were measured at the same segment of the common carotid artery (CCA): 1-cm segment 1 cm proximal to the inferior end of carotid bulb. CIMT was evaluated at the far wall of the CCA while CAS was measured over the near Fig. 1 . Measurements of carotid intima-media thickness and carotid arterial stiffness. A). Carotid intimamedia thickness is assessed at 1-cm segment 1 cm proximal to the inferior end of carotid bulb using Radiofrequency-based Quality Intima-Media Thickness. B). Carotid arterial stiffness is measured at the same segment using Radiofrequency-based Quality Arterial Stiffness. and far walls. In the evaluation of CIMT and CAS, the mean and standard deviation (SD) of the measurements in six consecutive cardiac cycles were automatically and continuously recorded by the system, and the mean measurement with an SD of ,20 mm for CIMT or ,30 mm for stroke change in vessel diameter for CAS was obtained for data analysis. Each carotid artery was scanned three times for measuring CIMT and CAS.
In the evaluation of CAS, five arterial stiffness parameters, including distensibility coefficient (DC), compliance coefficient (CC), the indices of a and b, and pulse wave velocity (PWV), were investigated in the study. The lower DC and CC and the higher a, b and PWV suggest the stiffer the carotid artery. Detailed information of the equations of these parameters has been reported in our previous study [14] .
Using ultrasound, the carotid plaque burden of each subject was assessed. Any focal thickening .50% of the adjacent intima-media layer was identified as a carotid plaque [15] . Once a carotid plaque was identified, transverse gray-scale images of the plaque were obtained and the degree of carotid stenosis was expressed as a percentage reduction of lumen diameter at the most stenotic site (Fig. 2 ). Carotid plaque score was evaluated using an adjusted plaque scoring system [8] . In the scoring system, the carotid artery was divided into five segments: 1. proximal common carotid artery ($2 cm proximal to carotid bifurcation); 2. distal common carotid artery (,2 cm proximal to carotid bifurcation); 3. carotid bulb and bifurcation; 4. internal carotid artery; and 5. external carotid artery. The degree of carotid stenosis in each segment was measured and carotid plaque score was expressed as the summation of the degree of carotid stenosis of all segments in both carotid arteries (Fig. 2) .
Statistical analysis
CIMT, CAS and carotid plaque score were continuous parameters, while the presence of carotid plaque and the presence of $50% carotid stenosis were categorical data. Continuous data were expressed as means ¡ SD. The normality of distribution was checked using Shapiro-Wilk test. Non-normally distributed parameters were transformed logarithmically. ANCOVA or logistic regression was used for the adjusted comparisons between study groups. Multiple regression was utilized for detecting the association between the extent of carotid atherosclerosis and nine potential predictors, including age, gender, post-RT duration, radiation dose, chemotherapy, DM, hypertension, hypercholesterolemia and smoking. The cutoff values of age, post-RT duration and the number of cardiovascular risk factors for the presence of carotid plaque or the presence of $50% carotid stenosis were analyzed using receiver operating characteristic (ROC) curve analysis. Multiple testing in each atherosclerotic parameter was corrected using BenjaminiHochberg step-up false discovery rate controlling procedure [16] . All statistical analyses were performed using SPSS 20 (IBM, Armonk, New York, United States) and corrected P value (P cor ),0.05 was considered to be significant.
Results
Demographic information
In total, 129 post-RT NPC patients were included in the present study. The patients included 87 males and 42 females with a mean age of 55.3¡8.8 years (range: 33 to 88 years). Conventional 2D RT of the neck was given to all patients. The mean radiation dose of the patients was 66.83¡3.24 Gy (range: 58.00 to 73.72 Gy). There were 66 patients treated with RT alone and the remaining 63 patients were treated with chemo-radiotherapy. The mean post-RT duration of the patients was 12.5¡6.0 years with a range of 4 to 37 years. The most common cardiovascular risk factor was hypercholesterolemia (n540), followed by hypertension (n535) and then by DM (n514). Only 5 patients were current smoker.
Carotid intima-media thickness
In the prediction model using multiple linear regression, advancing age (P cor ,0.01, standardized coefficients50.259) and male sex (P cor ,0.01, standardized coefficients50.248) were significantly associated with higher CIMT in post-RT NPC patients ( Table 1) . None of the other parameters, such as cardiovascular risk factors, post-RT duration, radiation dose and chemotherapy, showed significant association with CIMT independently. Another regression model substituting the four cardiovascular risk factors with the number of these risk factors was used for assessing the cumulative effect of cardiovascular risk factors on CIMT. The result showed that the number of these risk factors was not associated with CIMT (Table 2) .
Carotid arterial stiffness
With CAS as the phenotype (DC, CC, a, b and PWV), advancing age (P cor ,0.001, standardized coefficients520.532, 20.434, 0.493, 0.489 and 0.474, respectively), longer post-RT duration (P cor ,0.01, standardized coefficients520.76, 20.300, 0.276, 0.279 and 0.309, respectively) and the presence of hypertension (P cor ,0.05, standardized coefficients520.208, 20.223, 0.185, 0.187 and 0.265, respectively) were significantly associated with lower DC and CC and higher a, b and PWV (i.e. stiffer artery) in post-RT NPC patients (multiple linear regression, Table 1 ). Other proximal common carotid artery ($2 cm proximal to carotid bifurcation); 2. distal common carotid artery (,2 cm proximal to carotid bifurcation); 3. carotid bulb and bifurcation; 4. internal carotid artery; and 5. external carotid artery. B). A longitudinal gray-scale image of a carotid plaque in the proximal common carotid artery. C). A transverse duplex ultrasound (gray-scale+Doppler) image of the carotid plaque in B. The plaque is echolucent with a unclear boundary between the lumen and the plaque. Therefore, Doppler ultrasound is applied to demonstrate the lumen at the stenosis. The degree of the carotid stenosis is expressed as the percentage reduction of lumen diameter (1-D1/D2552.4%). Carotid plaque score is the summation of the degree of carotid stenosis of the five segments in both carotid arteries.
doi:10.1371/journal.pone.0116284.g002 Table 1 . Corrected P values in multiple regression models for assessing the association between the ten potential predictors and carotid atherosclerotic parameters. *P cor ,0.05, **P cor ,0.01, ***P cor ,0.001. P cor is corrected P value after false discovery rate correction for multiple testing. DM, diabetes mellitus; CIMT, carotid intima-media thickness; DC, distensibility coefficient; CC, compliance coefficient; PWV, pulse wave velocity.
Parameters
doi:10.1371/journal.pone.0116284.t001 cardiovascular risk factors, radiation dose and chemotherapy did not show significant association with the five CAS parameters. In another regression model substituting the four cardiovascular risk factors with the number of these risk factors, results showed that there was no significant association between the number of the risk factors and CAS (Table 2) Carotid plaque score
Among the nine potential predictors, age and post-RT duration showed significant association with carotid plaque score (P cor ,0.05, standardized coefficients50.184; and P cor ,0.001, standardized coefficients50.349 respectively, Table 1 ). Cardiovascular risk factors and other potential predictors were not independently associated with the plaque score. In the regression model using the number of cardiovascular risk factors, the number of risk factors was positively associated with carotid plaque score (P cor ,0.05, standardized coefficients50.185, Table 2 ). After the adjustment of age, gender, radiation dose, post-RT duration, and chemotherapy using ANCOVA, patients with two or more cardiovascular risk factors had significantly higher carotid plaque score than those with one or without cardiovascular risk factor (P cor ,0.05, Table 2 ). Comparisons between groups with $2 or ,2 cardiovascular risk factors. Age, gender, radiation dose, post-RT duration and chemotherapy were adjusted in all analyses. P cor is corrected P value after false discovery rate correction for multiple testing. CIMT, carotid intima-media thickness; DC, distensibility coefficient; CC, compliance coefficient; PWV, pulse wave velocity.
The presence of carotid plaque
In the 129 post-RT NPC patients, carotid plaque was detected in 115 patients (89.1%). Advancing age (P cor ,0.05, OR51.128, 95%CI: 1.024-1.244) and longer post-RT duration (P cor ,0.05, OR51.347, 95%CI: 1.074-1.691) were significantly associated with higher prevalence of carotid plaque (multiple logistic regression, Table 1 ). However, other parameters did not have significant association with the presence of carotid plaque. In another regression model substituting the four cardiovascular risk factors with the number of these risk factors, results showed that no significant association was found between the number of cardiovascular risk factors and the presence of carotid plaque ( Table 2) . Since age and post-RT duration were significantly associated with the presence of carotid plaque, ROC curve analysis was conducted to determine the cutoff values. Results showed that the cutoff value of age was 44.5 years (P cor ,0.01, AUC50.757, sensitivity50.992 and specificity50.500) and that of post-RT duration was 8.5 years (P cor ,0.001, AUC50.772, sensitivity50.757 and specificity50.643) for detecting carotid plaque. Carotid plaque was observed in 93.8% of patients aged 45 years or above, 94.6% of patients with a post-RT interval of at least 9 years, and 97.6% of patients with both at least 45 years old and a post-RT interval of at least 9 years. On the contrary, carotid plaque was only found in 56.3% of patients aged younger than 45 years, 75.7% of patients with a post-RT interval of less than 9 years, and 42.9% patients aged younger than 45 years and with a post-RT interval of less than 9 years.
$50% carotid stenosis
In the present study, $50% carotid stenosis was found in 27 post-RT NPC patients (20.9%). Among the nine potential predictors, only post-RT duration (P cor ,0.05, OR51.124, 95%CI: 1.026-1.232) was significantly associated with the presence of $50% carotid stenosis (multiple logistic regression, Table 1 ). Although independent cardiovascular risk factor did not show significant association with the presence of $50% carotid stenosis, increased number of cardiovascular risk factors was significantly associated with higher prevalence of $50% carotid stenosis when adjusted with age, gender, radiation dose, post-RT duration and chemotherapy (P cor ,0.05, OR51.730, 95%CI: 1.062-2.817, Table 2 ).
Since post-RT duration and the number of cardiovascular risk factors were significantly associated with the presence of $50% carotid stenosis, ROC curve analysis was conducted to determine the cutoff values. Results showed that the cutoff values of post-RT duration and number of cardiovascular risk factors were 13.5 years and 1.5 for the presence of $50% carotid stenosis respectively (P cor ,0.001, AUC50.709, sensitivity50.667 and specificity50.716; and P cor ,0.05, AUC50.623, sensitivity50.407 and specificity50.843,). The presence of $50% stenosis was found in 38.3% of patients with post-RT duration of at least 14 years, 40.7% of patients with $2 cardiovascular risk factors, and 63.6% of patients with both post-RT duration of at least 14 years and $2 cardiovascular risk factors. However, $50% carotid stenosis was only observed in 11.0% of patients with less than 14 years interval after RT, 15.7% of patients with less than 2 cardiovascular risk factors, and 7.6% of patients with both a post-RT interval of less than 14 years and less than 2 cardiovascular risk factors.
Discussion
The results of the present study showed that age and post-RT duration were significantly associated with most carotid atherosclerotic parameters, especially the carotid plaque burden. The findings are consistent with those reported in previous studies. Huang et al. documented that CIMT in post-RT NPC patients was significantly associated with age, post-RT duration and platelet count of the patients, and that age, post-RT duration and HbA1c level were significant predictors of carotid plaque [7] . In addition, Chang et al. found that age, radiation dose, post-RT duration and the presence of hyperlipidemia were associated with carotid plaque score in patients treated with neck RT for head and neck cancer [8] . Thus, age and post-RT duration are significant predictors of radiationinduced carotid atherosclerosis. In the present study, however, the cutoff values of age and post-RT duration for detecting carotid plaque were different from those in Huang's study. Age of 44.5 years and post-RT duration of 8.5 years were the cutoff values found in the present study, whereas the cutoff values of age and post-RT duration in Huang's study were 52.5 years and 42.5 months (3.5 years) respectively [7] . The discrepancy of the findings may attribute to the difference in post-RT duration of the patients and prevalence of carotid plaque between the present study and Huang's study. Since young patients (,45 years old) in the present study had even higher prevalence of carotid plaque (56.3% vs 36.2%) than patients in Huang's study (mean age of 52 years), and the mean post-RT duration of the patients in the present study was longer than that in Huang's study (12.5 vs 5 years), a lower cutoff value of age and a higher cutoff value of post-RT duration for detecting carotid plaque were found in the present study. In the present study, the two cutoff values, 44.5 years old and a post-RT interval of 8.5 years, were more powerful for predicting carotid plaque when used in combination. The highest prevalence of carotid plaque was shown in patients with both at least 45 years old and a post-RT interval of at least 9 years when compared to those with or without either one (P cor ,0.001, 97.6% vs 79.5% vs 42.9%).
No previous study has investigated the predictors of radiation-induced $50% carotid stenosis. The present study found that post-RT duration was one of the significant predictors of $50% carotid stenosis in post-RT NPC patients and a post-RT interval of 13.5 years was the cutoff value for detecting the $50% stenosis. In addition, no previous study has reported the cumulative effects of cardiovascular risk factors on radiation-induced carotid atherosclerosis. The present study showed a significant association between the number cardiovascular risk factors and carotid plaque burden, indicating the cumulative effects of these factors on radiation-induced carotid atherosclerosis. The cutoff value of the number of cardiovascular risk factor was 1.5 for screening $50% carotid stenosis. Patients with $2 cardiovascular risk factors had greater carotid plaque score (P cor ,0.05, 2.25¡1.89 vs 1.19¡1.09) and higher prevalence of $50% carotid stenosis (P cor ,0.05, 40.7% vs 15.7%). It was more powerful to use the two cutoff values, a post-RT interval of 13.5 years and 1.5 cardiovascular risk factors, for screening $50% carotid stenosis. Highest risk of $50% carotid stenosis was found in patients with both a post-RT interval of at least 14 years and $2 cardiovascular risk factors when compared to those with or without either one (P cor ,0.001, 63.6% vs 28.8% vs 7.8%).
Gender and hypertension only had association with CIMT and CAS respectively. However, NPC is common in men [1] , and male sex did not associate with all carotid atherosclerotic parameters (especially carotid plaque burden) in post-RT duration. In addition, hypertension was only associated with CAS, and it was more powerful to use the number of cardiovascular risk factors for predicting radiation-induced carotid atherosclerosis. Therefore, the value of male sex and hypertension to be predictors of carotid atherosclerosis in post-RT NPC patients is limited. For the remaining potential predictors, no significant association was found with any of carotid atherosclerotic parameters. Thus, they may not be the predictors of carotid atherosclerosis in post-RT NPC patients.
Limitations
Because radiation is a well-known risk of carotid atherosclerosis [17] , the present study did not include subjects without RT as a control group. In addition, only 129 patients were recruited in the study. The small sample size limited the statistical power and thus there was a possibility that the association between some potential predictors and the radiation-induced carotid atherosclerosis in post-RT NPC patients may not be fully investigated. In addition, due to the small sample size, the present study only included nine potential predictors in the prediction models. Some other factors, such as medications, lifestyles, alcohol consuming and obesity, may also have underlying effects on radiation-induced carotid atherosclerosis. Thus, future studies are suggested to have a larger sample size and to investigate more potential predictors of radiation-induced carotid atherosclerosis.
Conclusions
Age, post-RT duration and the number of cardiovascular risk factors are significant predictors of carotid atherosclerosis in post-RT NPC patients. In these patients, age of 44.5 years and post-RT duration of 8.5 years are the cutoff values for detecting carotid plaque, while post-RT duration of 13.5 years and 1.5 cardiovascular risk factors are the cutoff values for screening $50% carotid stenosis. The cutoff values used in combination are more powerful for predicting radiation-induced carotid plaque burden. Thus, NPC patients, who were aged 45 years or older, with post-RT duration of 9 years or above, and/or with $2 cardiovascular risk factors, should be more cautious of carotid atherosclerosis so that early diagnosis and timely treatment can be given to them.
